Summary
activities, particularly in Asia (Tseng, 2001 ). Finally, brown algae are also of phylogenetic of the genome sequence with linkage groups. Moreover, annotation efforts had focused almost 76 exclusively on protein-coding genes, largely ignoring the non-coding component of the 77 genome. The study described here set out to address these shortfalls, exploiting the large 78 amount of transcriptomic data now available and using recently developed genetic and 79 bioinformatic approaches to improve both the assembly and annotation of the genome. A high-80 density, RAD-seq-based genetic map was used to anchor sequence scaffolds onto the 81 chromosomes, considerably improving the large-scale assembly of the genome. In addition, a 82 complete reannotation of the genome was carried out based on extensive RNA-seq data. This 83 updated version of the genome annotation includes information about transcript isoforms and 84 integrates non-coding loci such as microRNAs (miRNAs) and long non-coding RNAs 85 (lncRNAs). Finally, we report additional resources including a genome-wide set of single 86 nucleotide polymorphisms for genetic mapping and improvements to the genome database 87 such as the addition of a JBrowse-based genome browser that allows multiple types of genome-88 wide data to be visualised simultaneously. 89
90

Materials and Methods
91
Biological material 92
Ectocarpus strains were cultured as described previously (Coelho et al., 2012b 
RNA-seq 100
The analyses carried out in this study used RNA-seq data generated for biological replicate 101 (duplicate) samples of partheno-sporophytes and of both young and mature samples for both 102 male and female gametophytes (ten libraries in all). The production of the young (Lipinska et 103 al., 2015) and mature (Ahmed et al., 2014) gametophyte RNA-seq data has been described 104 previously. For each of the replicate partheno-sporophyte samples, total RNA was extracted 105 and used as a template by Fasteris (CH-1228 Plan-les-Ouates, Switzerland) to synthesise cDNA 106 using an oligo-dT primer. The cDNA libraries were sequenced with Illumina HiSeq 2000 107 technology to generate 100 bp single-end reads. Data quality was assessed using the FASTX 108 toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html) and the reads were trimmed and 109 filtered using a quality threshold of 25 (base calling) and a minimal size of 60 bp. Only reads 110 in which more than 75% of nucleotides had a minimal quality threshold of 20 were retained. 111 Table S1 shows the number of raw reads generated per sample and the number of reads 112 remaining after trimming and filtering (cleaned reads). The cleaned reads were mapped to the 113 
Manual annotation 142
The v2 annotation took into account the functional and structural annotation of 325 and 410 143 genes, respectively, carried out through the Orcae database since the 144 publication of the v1 annotation. Many of the structural annotations were based on the same 145 set of RNA-seq data that was used for the genome-wide gene structure prediction but exploited 146 transcripts that had been generated using a reference-guided approach with Tophat2 and 147
Cufflinks2 (Trapnell et al., 2010; Kim et al., 2013 
Detection of non-protein-coding genes 178
The detection of microRNA, ribosomal RNA and snoRNA loci has been described previously 179 (Tarver et al., 2015) . 
Genome-wide identification of sequence variants 212
Genome sequence data was generated for the female outcrossing line Ec568 using Illumina 213 HiSeq2500 technology (Fasteris, Switzerland), which produced 25,976,388,600 bp of 2x100 214 bp paired-end sequence. Sequence variants were detected as described previously (Godfroy et 215
al., 2015). 216
To determine whether sequence variants behaved as Mendelian loci, a cross between a UV-217 mutagenised derivative of the reference genome strain Ec32 (strain Ec722) and the female 218 
Accession numbers 237
The accession numbers for the sequence data used in this article are given in supplementary 238 Table S1 . due to the low density of the markers, the large-scale assembly included only 325 of the 1,561 248 sequence scaffolds (70.1% of the total sequence length) and, moreover, only 40 (12%) of the 249 mapped scaffolds could be orientated relative to the chromosome (i.e. only 12% of the scaffolds 250 contained at least two microsatellite markers which recombined relative to each other). 251
To improve the large-scale assembly of the Ectocarpus genome, we took advantage of a 252 high-density, single nucleotide polymorphism (SNP)-based genetic map that has recently been 253 generated using a Restriction site associated DNA (RAD)-seq method (K. Avia, personal 254 communication). The 3,588 SNP markers used to construct the genetic map were mapped to 255 sequence scaffolds and the recombination information for these markers used to construct a 256 new set of pseudo-chromosomes (Fig. 1) . The new large-scale assembly represents a significant 257 improvement because it integrates 531 of the 1,561 sequence scaffolds onto genetic linkage 258 groups (90.5% of the total sequence length) and 49% of these scaffolds have been orientated 259 with respect to their chromosome. Moreover, the high-density genetic map has allowed several 260 fragmented linkage groups / pseudo-chromosomes to be fused, reducing the total number from 261 34 to 28. The exact number of chromosomes in Ectocarpus sp. strain Ec32 is not known but 262 (Müller, 1966 (Müller, , 1967 . The 21,958 preliminary gene predictions included 1) genes that were identical to the v1 289 prediction (10,426 genes), 2) genes that were structurally different to their v1 counterpart 290 (6,295 genes) and 3) novel loci that were not predicted by the v1 annotation (5,237 genes). For 291 the first set of genes, the v1 gene models were replaced with the RNA-seq-based models, 292 providing considerable additional information about the UTR structure of the genes (e.g. Fig.  293 2A). When the RNA-seq-based prediction differed from the v1 model, manual inspection was 294 used to select the optimal model for each locus (e.g. Fig. 2B ; see Methods and Materials for 295 F o r P e e r R e v i e w 10 details). This second set of genes also included predictions which indicated that v1 annotation 296 genes needed to be fused (e.g. Fig. 2C ) or split (e.g. Fig. 2D ). Novel RNA-seq-based 297 predictions, not present in the v1 annotation, were filtered to remove probable false positives. 298
Predictions were retained only if 1) their transcripts had an abundance of >1 RPKM across the 299 entire (merged) set of RNA-seq data, 2) the start codon of the gene was not located in a repeated 300 region (to exclude transposon-derived ORFs; Yandell & Ence, 2012) and 3) their coding region 301 was >100 bp. After applying these filters, 2,030 of the new predictions were retained and 302 integrated into the v2 annotation. 303
Overall, the addition of these new genes and updates to the existing genes (fusing or splitting 304 existing gene models) brought the total number of genes in the v2 annotated genome to 17,418 305 (Table 1 ). The transition from the v1 to the v2 version of the genome annotation involved the 306 modification of 11,108 of the v1 gene models, of which 5,336 were altered within their coding 307 regions (Table 2) . Of the former, 784 involved gene fusions (to produce 404 genes in the v2 308 annotation), 19 involved splitting v1 annotation gene predictions (to create 38 genes in the v2 309 annotation) and 123 genes were removed. The v2 annotation now includes coordinates for at 310 least one of the UTR regions for 78.7% of the 17,418 genes (compared to 52.6% for the v1 311 annotation; Fig. 3 , Table 1 ). The v2 annotation is publically available through the ORCAE 312 database (http://bioinformatics.psb.ugent.be/orcae/overview/Ectsi; Sterck et al., 2012) . 313
The Ectocarpus genome database was modified to take into account the large-scale 314 assembly of the sequence scaffolds. In particular, the sequentially numbered locusIDs were 315 modified to indicate sequencial position on the pseudochromosome. The correspondence 316 between the LocusIDs of the v1 and v2 annotations is given in Table S2 we carried out an updated search for alternative transcripts using the available RNA-seq data 334 (Table S1 ). The analysis focused on transcript isoforms with alternatively spliced coding 335 In addition to this genome-wide approach, a more detailed analysis was carried out for four 352 genes that encoded proteins with multiple, repeated copies of small protein domains. (Table S5) . 384
A screen was also carried out for potential long non-coding RNAs (lncRNAs) using the 385 FEELnc lncRNA prediction pipeline (https://github.com/tderrien/FEELnc) and the RNA-seq 386 data listed in Table S1 . This analysis predicted the presence of 717 lncRNA loci in the 387
Ectocarpus genome (Table S6) and loci that overlapped with their adjacent gene (Fig. S1 ). About 45% of the lncRNAs were 394 classed as lincRNAs. Expression analysis indicated that lncRNA transcripts were about eight-395 fold less abundant on average than those of protein-coding genes (Fig. 5) (Table S7) , 419 corresponding to a total of 3,568 different transcripts (1.3 isoforms per locus on average). The 420 mean size of the S. japonica lncRNA transcripts was 2,036 nucleotides and varied between 200 421 (the defined minimal size) and 26,887 nucleotides. As with the Ectocarpus lncRNAs, the S. 422 japonica lncRNAs were found to be organised in a range of configurations relative to the 423 adjacent gene on the genome (Fig. S2) 
. Comparison of the sets of predicted lncRNAs from 424
Ectocarpus and S. japonica using Blastn identified 64 pairs of loci that exhibited reciprocal 425 best Blast matches with E-values lower than 10 -4 (Table S8 ). These loci are highly likely to be 426 (Fig. S4) (Heesch et al., 2010) . A total of 340,665 high quality sequence 465 variants (Table S9) 
Discussion
498
The objective of the work reported here was to improve the utility of the Ectocarpus genome 499 sequence as a genomic resource. 500
A high-density, RAD-seq-based genetic map was exploited to significantly improve the 501 large-scale assembly of the genome. This approach allowed 90.5% of the genome sequence to 502 be assembled into 28 pseudo-chromosomes, providing a high quality reference genome for 503 future comparisons with other brown algal genomes focused on synteny and large-scale 504 organisation of chromosomal regions. 505
In addition, extensive RNA-seq data was used to improve 11,108 existing gene models and 506 to identify 2,030 new protein-coding genes. New data available in the public databases has 507 allowed the functional annotation associated with the protein-coding genes to be considerably 508 improved. Sixty-one percent of genes have now been assigned functional information, 509 compared with 34% in the v1 annotation. 510
The RNA-seq data was also exploited to evaluate the extent to which protein-coding genes 511 generate alternative transcripts. Wu et al. (2013) reported strong skews in codon usage at both 512 the 5' and 3' ends of Ectocarpus exons. Based on a preliminary analysis that indicated a low 513 level of alternative splicing compared with humans, these authors suggested that the skews 514 might reflect strong selection to preserve exon splicing enhancers to avoid mis-splicing of gene 515 transcripts. Our analysis, which was based on a significantly larger transcriptomic dataset, 516 detected a frequency of alternative splicing of about 1.62 transcripts per gene on average. It is 517 difficult to precisely evaluate whether Ectocarpus exhibits a particularly low level of 518 alternative splicing compared to other model organisms based on this value because estimates 519 for these other organisms are constantly being revised as more extensive transcriptomic 520 datasets become available. Based on current estimates, however, the frequency of alternative 521 splicing in Ectocarpus falls within the range of 1.2 to 3.4 transcripts per intron-containing gene 522 proposed for diverse model organisms with intron-rich genomes including humans, mouse, 523
Drosophila melanogaster, Caenorhabditis elegans and Arabidopsis thaliana (Kianianmomeni 524 integrated into the Ectocarpus genome database, which has also been improved and extended 549 to facilitate exploitation of the genome data and associated information. 550
With the integration of the new information and resources described here, the Ectocarpus 551 genome represents one of the most extensively annotated genomes within the stramenopile 552 group and, as such, will serve as an important reference genome for future genome analysis 553 projects. Recently, the Ectocarpus genome provided a reference for the analysis of the larger 554 and more complex genome of the kelp Saccharina japonica (Ye et al., 2015) and similar 555 comparisons are expected in the future as part of the many ongoing brown algal and 556 stramenopile genome projects. 557 
